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Evolution of immunoglobulin-like modules in chitinases: their
structural flexibility and functional implications 
Anastassis Perrakis1, Christos Ouzounis2 and Keith S Wilson3
Background: Chitinase A from Serratia marcescens is a glycosyl hydrolase
consisting of three distinct domains. The N-terminal domain (ChiN domain,
amino acids 24–137) has an immunoglobulin-like fold. This ChiN domain is
structurally similar to fibronectin type III domains (FnIII domains), which exist in
other chitinases, but does not share any sequence similarity with them. 
Results: Structure comparisons of the ChiN domain and FnIII domains confirm
the similar fold, but fail to establish any sequence similarity. Sequence searches
and comparisons between ChiN and FnIII domain sequences show a
remarkable difference between the two domains in chitinases from an
evolutionary point of view. A low temperature structure of chitinase A shows
that the ChiN module is flexible with respect to the catalytic body of the protein.
Conclusions: We postulate that the ChiN and FnIII domains evolved
independently in chitinases which share otherwise homologous catalytic
domains. The flexibility of the ChiN domain, together with biochemical
knowledge of the function of similar domains, leads us to propose that
immunoglobulin-like folds in chitinases are involved in interactions with the
chitin chain during catalysis.
Introduction
Chitinases (E.C.3.2.1.14) hydrolyse the chitin homo-
polymer of N-acetyl-D-glucosamine (the most abundant
biopolymer in the marine environment and the second
most abundant on earth) into oligomeric saccharides.
Chitinase genes have been identified in viruses, bacteria,
fungi, plants, invertebrates (mainly nematodes, insects
and crustaceans) and vertebrates. Glycosyl hydrolases
have been classified into 53 families, on the basis of
sequence homology between their catalytic domains [1],
and chitinases belong to families 18 and 19. There is no
sequence or structural homology between these families
and it has been shown recently that they possess a differ-
ent mechanism for chitin cleavage [2]. Family 19 is very
homogeneous and contains only plant enzymes, while
family 18 is more diverse (the sequence identity for some
members is as low as 11%) and contains enzymes from
plants, fungi and bacteria. Only family 18 is discussed
here. The structure of chitinase A from Serratia marcescens
comprises three domains [3]: an N-terminal module with
an immunoglobulin-like fold, a catalytic (βα)8 barrel and a
C-terminal domain with (α+β) structure. Here, we discuss
only the N-terminal module of chitinase A, ChiN.
Results and discussion
Sequences of FnIII and ChiN domains have been identi-
fied in a number of different family 18 chitinases (Table 1).
There is no sequence similarity between ChiN and FnIII
sequences despite the fact that ChiN and FnIII domains
[4] have similar folds (Figure 1a). FnIII domains occur fre-
quently in the animal kingdom (in almost 2% of proteins),
but in bacteria until now they have been exclusively found
in glycosyl hydrolase families. ChiN domains have been
located so far only at the N terminus of family 18 chitinases.
The common fold between ChiN and FnIII may have
arisen from divergent evolution of the two domains from a
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Table 1
Occurrence of ChiN and FnIII domains in chitinases.
Swiss-Prot accession number Organism
ChiN domains
CHIA_SERMA Serratia marcescens
CHIA_ALTSO Alteromonas species
CHIT_AERCA* Aeromonas caviae
CHIT_NPVAC Autographa californica NPV
U12688* Bombyx mori NPV
M97906* Choristoneura fumiferana NPV
FnIII domains
CHI1_BACCI Bacillus circulans
CHID_BACCI Bacillus circulans
CHIT_STRLI Streptomyces lividans
CHIT_STRPL Streptomyces plicatus
CHIX_STROI Streptomyces olivaceoviridis
None
CHIB_SERMA Serratia marcescens
NPV, nuclear polyhedrosis virus. *GenBank entries not present in
Swiss-Prot, which correspond to incomplete sequences.
common ancestor, with the sequences having evolved
beyond recognition by current algorithms. An alternative
explanation is that the same fold (formed either by a ChiN-
like or FnIII-like sequence) evolved independently during
the evolution of family 18. We have some preference for the
latter explanation for reasons discussed below. The phe-
nomenon of evolution of modules additional to the catalytic
domains in enzyme families is common, as is the appear-
ance of similar folds that show no (or undetectable)
sequence similarity. However, the appearance of modules
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Figure 1
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(a) Stereoview of the superimposition of the Cα atoms of the ChiN
domain (green) and FnIII domain (red; PDB ID 1fna). 55 Cα atoms
were superimposed with an rms of 2.26 Å. After structural alignment,
only two residues (3.6%) are identical. (b) Phylogenetic tree for family
18 bacterial chitinases, constructed using an alignment of only those
parts of the sequence forming the (βα)8 barrel catalytic domain. The
names are the same as in Table 1. The green boxes show sequences
with the ChiN motif and the red boxes show sequences with FnIII
motifs. While the former make a distinct cluster, the latter are spread
over the branches of the rest of the tree, supporting the hypothesis
that the FnIII domain was acquired by these proteins late in evolution.
Figure 2
(a) Superimposition of the catalytic domains
of the room temperature and cryogenic
structure of chitinase A. While the catalytic
domains superimpose perfectly (blue), the
ChiN domain moves with respect to the main
body of the protein (green for room
temperature and red for low temperature).
(b) Molecular surface of chitinase A with the
ChiN domain (orange) facing downwards,
rotated 180° degrees along the vertical axis
with respect to (a). The sugars modelled in
the catalytic groove (magenta) are based on
several structures [15]. Three out of the four
tryptophans (green) of the ChiN domain are
positioned in almost ideal positions to
facilitate interaction with an extended sugar
chain.
(a) (b)
with similar folds formed by sequences without similarity,
as additional domains to a family with the same catalytic
core, is unique to our knowledge.
The ChiN domain is present in all chitinases of Gram-
negative bacteria, while it has not been found in any
Gram-positive bacterium. An alignment of only the cat-
alytic domains of Gram-negative proteins shows that they
are very similar to each other and are distinct from the
Gram-positive chitinases (Figure 1b). Thus, the ChiN
domain most likely evolved in an early ancestor of Gram-
negative chitinases. The ChiN domain is also present in
all viral chitinases identified to date. 
FnIII-like sequence motifs have been identified in some
but not all Gram-positive chitinases. The catalytic core
domains of the Gram-positive enzymes that have FnIII-
like domains do not show any closer similarity to one
another than they show to other catalytic domains of
Gram-positive enzymes that lack the FnIII-like domain
(Figure 1b). There is strong phylogenetic evidence that
the FnIII domain probably did not evolve in bacteria but
was acquired from animals later by horizontal spread [5],
which is supported by our observations: FnIII domains in
chitinases are no more similar to one another than to FnIII
domains of other glycosyl hydrolases. As an example, a
Bacillus circulans chitinase FnIII domain is 56% similar to
another B. circulans chitinase FnIII domain, and 59%
similar to an FnIII domain of exocellobiohydrolase A from
Cellulomonas fimi. Another characteristic of FnIII domains
is that they appear in different positions in proteins that
possess them. The B. circulans chitinase has two FnIII
domains in the C-terminal region, the chitinase of Strepto-
myces plicatus has one FnIII domain close to the N termi-
nus following a chitinase-binding domain, and the other
three chitinases with FnIII domains have one FnIII
domain each, close to the N terminus. In contrast, all
ChiN sequences are at the N termini of their correspond-
ing proteins and are well conserved (identities between
49% and 73%). These data emphasize the difference
between ChiN-like and FnIII-like sequences and support
the hypothesis of independent evolution of the ChiN-like
and FnIII-like domains. The ChiN domain probably
evolved in an early ancestor of Gram-negative chitinases,
while FnIII domains were acquired from animals as pro-
posed in [5,6].
In the native structure [3], the 21-residue linker connect-
ing the ChiN domain to the catalytic domain has signifi-
cantly higher mobility, reflected in the atomic
displacement parameters (B factors). The average B
factor for the linker region is 27.2 compared to 18.6 for
the preceding N-terminal domain and 20.3 for the suc-
ceeding catalytic domain. This suggests that this linker
may allow the ChiN domain to adopt different positions
relative to the catalytic body of the protein. We have now
determined the structure of chitinase A at cryogenic tem-
peratures at 2.8 Å resolution. The ChiN domain is rotated
with respect to the catalytic domain by almost 5° around
an imaginary axis along the barrel of the catalytic domain
(Figure 2a). This rotation occurs together with a shrink-
age of the cell as a result of freezing. However, the ability
of the ChiN domain to easily adopt a different conforma-
tion in the crystal reflects a property that is probably more
pronounced in solution. 
The structural properties of the ChiN — or FnIII — fold
in chitinases, as shown in chitinase A where the ChiN
domain possesses unusual flexibility, together with the
possibility that such a fold was selected twice during evo-
lution, suggest an important role for this domain. The
absence of FnIII-like domains in B. circulans chitinases A1
and D does not affect binding to chitin, but alters the
hydrolysing activity of the enzyme on colloidal chitin [7].
This suggests that although FnIII (and ChiN) domains are
not directly responsible for chitin binding, they play a role
in directing the substrate to the catalytic groove. Indeed,
the ChiN domain is in an ideal orientation to guide the
‘loose end’ of an elongated chitin chain towards the cat-
alytic groove where the terminal sugars can be cleaved
(Figure 2b). This is consistent with the reported action of
chitinase A as an exo enzyme. The flexibility of the orien-
tation and position of the ChiN domain relative to the cat-
alytic domain may help the enzyme to remain efficiently
bound to the chitin chain and direct the terminal sugar
residues towards the catalytic groove. The presence of
four conserved tryptophan residues on the surface of the
ChiN domain supports this. Surface tryptophans have
been demonstrated to affect the binding capacity of a cel-
lulose-binding domain to cellulose [8] and to be involved
in binding of the lectin-like protein CHB1 to crystalline
α-chitin [9]. The four tryptophans in ChiN and similar
conserved tryptophans in FnIII-like modules could also
be involved in interacting with the loose ends of chitin
chains. Such interactions would not necessarily imply
strong binding to the chitin matrix, but could guide the
terminal sugars to the catalytic groove.
Material and methods
Sequence comparisons
Sequence searches were performed using the BLASTP suite of pro-
grams [10] and the BLOSUM 62 matrix [11]. Use of different comparison
matrixes had little or no effect on the searches. Sequence alignments
were performed by the CLUSTALW [12] program.
X-ray structure determination
The room temperature chitinase A structure determination has been
described previously [3]. For the cryogenic data collection, a crystal
was stabilized in a solution of mother liquor containing 20% glycerol
and transferred with a wool fibre loop to an evaporating nitrogen gas
stream at 110K. Data were collected at EMBL-Hamburg at beam line
X11 to 2.8 Å resolution and processed with the DENZO [13] program to
give an overall merging R factor of 10.1%. The volume of the cell
decreased upon freezing by 7% with the most significant change
along the b axis, 6.1 Å. The structure was refined with X-PLOR [14] as
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four different rigid bodies, one being the ChiN domain, the second the
linker region, the third the catalytic barrel and the fourth the C-terminal
insertion domain. This procedure alone reduced the free R factor from
46.5% to 31.2%. No further refinement was carried out due to the
limited resolution.
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